We propose a Michelson-interferometer-type polarization-mode-dispersion ͑PMD͒ compensator with one polarization beam splitter and quarter-wave plates. We experimentally demonstrate the proposed PMD compensator with fiber devices and show the PMD compensation ability to be 104 ps by the fixed-analyzer method.
Introduction
Polarization-mode dispersion ͑PMD͒ has recently emerged as one of the limiting factors in achieving high-capacity optical transmission systems and networks. 1 First-order PMD can be compensated by means of separating the optical signal into two orthogonally polarized optical signals and delaying one polarized optical signal with respect to the other. One technique for compensating first-order PMD is to use polarization-beam-splitter ͑PBS͒ and variabletime-delay elements. Two possible solutions have recently been proposed. One is to use two PBSs in a Mach-Zehnder interferometer configuration, 2 and the other is to use one PBS in a Michelson interferometer configuration. 3 Compared with the MachZehnder-interferometer-type PMD compensator, the Michelson-interferometer-type PMD compensator has many advantages. It reduces the number of PBSs, and it can be easily tuned by means of varying the position of mirrors. In addition, it gives double time delay in one time delay element because the optical signal reflected by a mirror experiences the optical path difference twice. But the Michelsoninterferometer-type PMD compensator 3 needs an optical circulator ͑OC͒ for separating input and output optical signals of the PMD compensator.
In this paper we propose a Michelsoninterferometer-type PMD compensator with one PBS and quarter-wave ͑͞4͒ plates. The proposed PMD compensator inherits the characteristics of the Michelson-interferometer-type PMD compensator but does not need any OC. Therefore the proposed PMD compensator reduces the cost and insertion loss of an OC. Figure 1 shows a schematic diagram of the proposed PMD compensator that is implemented by fiber devices. We use the polarization controllers as ͞4 plates that are connected to each arm of the PBS. We make fiber mirrors by metal coating at ends of single-mode fibers. The PBS splits the optical signal into two linearly polarized lights orthogonal to each other. The optical signal in each arm passes through a ͞4 plate, becoming circularly polarized. It is reflected by the mirror and passes through a ͞4 plate again. Then the optical signal becomes linearly polarized again, but the polarization is orthogonal to the input polarization. This causes the output optical signal to be transmitted or reflected to the different port of the PBS. Therefore OC is not necessary for separating the input and output optical signals of the PMD compensator.
Configurations and Experiments
In our experiment we implement the PMD compensator whose optical path difference of two linearly polarized lights gives a fixed differential group delay ͑DGD͒ of 103.9 ps. If we insert tunable fiber delay line into one arm of the PBS, we can easily tune the DGD. To emulate the first-order PMD, we use two polarization-maintaining fibers with a mean beat length of ⌳ ϭ 3 mm at 1550 nm. Total DGDs of 114.4 and 104 ps are obtained from each PMD emulator whose lengths are 64 and 58 m, respectively. Many techniques for measuring PMD have been proposed over the years. 4 -7 Among these techniques we measure PMD by the fixed-analyzer method. 6 In Fig. 1 the backward-pumped erbium-doped fiberamplifier amplified spontaneous emission as a broadband source is linearly polarized with an input polarizer and launched into a PMD emulator. A polarization controller is used before the PBS to align the principal polarization directions of the PMDemulated light to those of the PBS. At the output of the PMD compensator, transmission through a second polarizer ͑analyzer͒ is measured with an optical spectrum analyzer. Figure 2 shows the transmission spectrum without and with PMD compensation by the fixed-analyzer method. When a light source with the first-order DGD passes through the analyzer, the transmission spectrum has periodic peaks and valleys. The relation between the spacing of the adjacent peak wavelengths ⌬ ͑Ͻ Ͻ͒ and DGD ⌬ is given by
where c is the speed of light. Figure 2͑a͒ shows the transmission spectrum of the fixed analyzer without and with PMD compensation when the DGD of the PMD emulator is 114.4 ps. With PMD compensation, the spacing of the adjacent peak wavelengths ⌬ increases from 0.07 to 0.77 nm at 1550 nm. The increased spacing ⌬ means that the DGD of the PMD-compensated light decreased from 114.4 to 10.4 ps. The reason the peak intensities of the PMD emulator are not equal is that the adjacent peak spacing ⌬ ϭ 0.07 nm is almost the same as the resolution bandwidth of optical spectrum analyzer. Figure 2͑b͒ shows the transmission spectrum of the fixed analyzer when the DGD of the PMD emulator is 104 ps. Since the DGD of the PMD emulator is matched with that of the PMD compensator, there is no sinusoidal modulation of the transmission spectrum of the PMDcompensated light. The small irregular ripple of the transmission spectrum of the PMD-compensated light is due to that of erbium-doped fiberamplifier amplified-spontaneous-emission source. The implemented PMD compensator shows the PMD compensation ability to be ϳ104 ps.
In the configuration of the proposed PMD compensator, ͞4 plates can be replaced with 45°Faraday rotators that rotate the plane of polarization of linearly polarized light by a fixed angle 45°, maintaining its linearly polarized nature. Compared with the ͞4 plate, the 45°Faraday rotator has some advantages, such as low wavelength dependency. If the rotation angle of the Faraday rotator deviates from 45°, some optical signals return to the original input port of the PBS and may induce power loss. The effect of deviation can be easily calculated with the Jones calculus, and the returning power ͑normalized to the input power of single polarization͒ is given by sin 2 ͑2 C ͒, where C is the rotation-angle deviation of the Faraday rotator. The calculation shows that optical power returning the original input port is lower than Ϫ30 dB when the rotation-angle tolerance of a Faraday rotator lies below 1°.
Conclusions
A Michelson-interferometer-type PMD compensator using one PBS, quarter-wave ͑͞4͒ plates, and mir- Fig. 1 . Schematic diagram of the proposed PMD compensator that is implemented by fiber devices. ͑ASE, erbium-doped fiberamplifier amplified spontaneous emission; PMF, polarizationmaintaining fiber; PC, polarization controller; pol, polarizer; OSA, optical spectrum analyzer͒. Fig. 2 . Transmission spectra without ͑solid curve͒ and with ͑dashed curve͒ PMD compensation by fixed-analyzer method. The resolution bandwidth of the optical spectrum analyzer is 0.07 nm. ͑a͒ DGD of PMD emulator at 114.4 ps. ͑b͒ DGD of PMD emulator at 104 ps rors has been proposed. It can be easily tuned by means of varying the position of mirrors, and it reduces the number of PBSs. In addition, the proposed PMD compensator reduces the cost and insertion loss of the optical circulator. We experimentally demonstrated the operation of the PMD compensator that was implemented with fiber devices. Application of micro-electro-mechanical system technology could provide compact fabrication of the PMD compensator.
